Abstract. Ginsenosides Rb1, Rh1, Rg1 and Rg3 are known as the main active components extracted from the roots of the Panax ginseng C.A. Meyer, and were reported to have immunoregulatory effects. Disruption of B-cell immune regulation during the pathogenesis of systemic lupus erythematosus (SLE) may lead to the production of large amounts of antibodies. The present study investigated the effects of the four ginsenoside monomers on B-cell immune regulation and observed that they inhibited the proliferation and secretion of B cells induced by LPS, caused an upregulation of the expression of apoptosis-associated proteins Fas/Fas ligand and caspase-3, the expression of FcγRIIB (CD32) as well as the proportion of inactive B cells (CD19 + CD27 -). These results indicate that Rb1, Rh1, Rg1 and Rg3 inhibit the humoral immunity of SLE, among which Rh1 exhibited the most obvious inhibitory effect.
Introduction
Systemic lupus erythematosus (SLE) is a human autoimmune disease with diverse clinical manifestations, including systemic and organ damage. In most cases, vital organs including the brain, heart, joints, skin and kidneys are involved (1) . In the US population, the yearly incidence of SLE was 5.1 and the prevalence was 52.2 per 100,000 individuals (2) . The pathogenesis of SLE caused by immune pathway abnormalities mainly involves the following aspects (3) (4) (5) : Loss of self-tolerance to nuclear antigens, abnormalities of immune regulation and immune complex clearance disorders. Among these, aberrant immune regulation is the central link, which is characterized by a high degree of B-cell activation and secretion of large numbers of autoantibodies.
Ginsenosides (GS), the major active components of the traditional Chinese medicine Panax ginseng C.A. Meyer, have been reported to have regulatory effects on the immune system. However, previous studies mainly focused on the effects of GS on T-cell signaling pathways. For instance, GRg1 was reported to enhance CD4 + T-cell activities, modulate type I helper cell (Th1)/Th2 differentiation and increase the ratio of CD3 + CD4 + to CD3 + CD8 + T cells and CD4 + CD25 + forkhead box (Fox)p3 + regulatory T cells in the blood in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced mice (6) (7) (8) . Furthermore, GRg1, GRh1 and 20(S)-protopanaxtriol not only inhibited 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced nuclear factor-κB activation but restored TNBS-induced Th17/T-regulatory cell (Treg) imbalance (9) . In addition, GRp1 was revealed to promote the differentiation of the memory types of CD4 + Foxp3 + CD62L(low) Tregs (10) . However, few studies have investigated the effects of GS and their monomers on B-cell immune pathways, or the regulatory effects of GS on B-cell immune function in SLE.
Therefore, the present study focused on effects of GS on the B-cell immune pathway. Four major active GS monomers were selected to observe their effects on humoral immunity and to determine whether they had a positive effect on the humoral immune system as a potential treatment for SLE.
Materials and methods
Samples. Peripheral blood samples were obtained from 2 healthy, adult females during a physical examination at Changhai Hospital (Shanghai, China) with informed consent (age range 25-28 years, mean 26.5 years), and the study protocol . To obtain a peripheral blood mononuclear cell (PBMC) suspension, 2 ml of peripheral blood from healthy adults was added to the upper layer of human lymphocyte separation medium (Cedarlane, Burlington, ON, Canada) and centrifuged for 20 min at 2,200 x g at room temperature. The leukocyte-rich supernatant was recovered and centrifuged for 10 min at 2,200 x g in 5 ml PBS at room temperature, which was repeated 3 times. Thus, the mononuclear cells were isolated and then resuspended in polypropylene tubes in 1 ml RPMI-1640 medium (GE Healthcare Life Sciences, Logan, UT, USA).
B-cell isolation. CD19 + B cells were isolated by positive cell sorting using immunomagnetic beads. PBMCs were resuspended with human CD19 MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany) for 15 min at 4˚C for magnetic labeling, the LS columns were then placed in a magnetic field, and subsequently, the labeled CD19 + B cells were collected. The purity of the isolated CD19 + B cells was 97-99% according to by flow cytometric analysis.
Cell culture. CD19
+ B cells were cultured in RPMI-1640 medium containing 10% fetal bovine serum (FBS; GE Healthcare Life Sciences) and 1% antibodies (100 U/ml penicillin and 100 µg/ml streptomycin) in a humidified atmosphere containing 5% CO 2 at 37˚C.
5-Bromo-2'-deoxyuridine (BrdU) cell proliferation assay.
Cell proliferation was determined by labeling. In the 12-well tissue culture plates, cells were divided into 14 groups: Control group, LPS (1 µg/ml; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) group, GRb1 (0.1, 1 and 10 mg/l) + LPS (1 µg/ml) group, GRh1 (0.1, 1 and 10 mg/l) + LPS (1 µg/ml) group, GRg1 (0.1, 1 and 10 mg/l) + LPS (1 µg/ml) group, GRg3 (0.1, 1 and 10 mg/l) + LPS (1 µg/ml) group. GRb1, GRh1, GRg1 and GRg3 were supplied by Shanghai Dongfang Pharmaceutical (Shanghai, China), and each group was set up as three wells. Cells (1x10 6 in 1 ml cell culture medium) were added to the plates and grown for 68 h, and then incubated with BrdU for 3 h for labeling, followed by fixing. Subsequently, BrdU incorporation into the cellular DNA was measured by flow cytometric analysis.
ELISA. The concentrations of immunoglobulin (Ig)G and IgM were measured by ELISA kits according to the manufacturer's instructions (Bender MedSystems, Vienna, Austria). The optical density of the microwells was read at 450 nm.
Western blot analysis. B cells were divided into 6 groups: Control group, LPS (1 µg/ml) group, GRb1 (10 mg/l) + LPS (1 µg/ml) group, GRh1 (10 mg/l) + LPS (1 µg/ml) group, GRg1 (10 mg/l) + LPS (1 µg/ml) group, GRg3 (10 mg/l) + LPS (1 µg/ml) group and grown in RPMI-1640 medium for 68 h. After treatment, cells were washed with PBS and fully lysed in radioimmunoprecipitation assay buffer (Solarbio, Beijing, China) at 4˚C. The protein concentration in the extract was determined using a bicinchoninic acid assay (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Equal amounts of protein (25 µg) were subjected to 10% SDS-PAGE and electrophoretically transferred onto polyvinylidene difluoride membranes. Membranes were blocked with 5% skimmed milk powder dissolved in tris-buffered saline containing Triton X (TBST) at room temperature for 2 h, and then incubated with antibodies against Fas (1:1,000 dilution; cat. no. Ab133619; Abcam, Cambridge, UK), Fas ligand (FasL; 1:500 dilution; cat. no. Ab68338; Abcam), caspase-3 (1:500 dilution; cat. no. Ab44976; Abcam) and GAPDH (1:1,500 dilution; cat. no. 5174; Cell Signaling Technologies, Inc., Danvers, MA, USA) overnight at 4˚C. Following washing Table I . The RT-qPCR conditions were pre-denaturation at 95˚C for 40 sec, followed by 40 cycles of denaturation at 95˚C for 15 sec and annealing at 60˚C for 45 sec. The relative expression of these genes was calculated using the 2 -ΔΔCq method (11) .
Flow cytometric analysis. Flow cytometric analysis was used to detect the co-stimulatory molecules on B cells. In brief, B cells were seeded into 12-well plates at 1x10 6 cells in each well. The cells were then treated as above for the western blot analysis. After incubation for 68 h, cells in each well were collected and counted. After adjusting cell density to 1x10 6 /ml, 200 µl cell suspension was centrifuged for 5 min at 1,000 x g, washed with PBS twice and re-suspended with 100 µl PBS. Antibodies to CD19, CD27 and CD32 were added and the stained cells were analyzed by flow cytometry on a FACSCalibur (BD Biosciences, San Jose, CA, USA).
Statistical analysis.
Values are expressed as the mean ± standard deviation. The differences between groups were analyzed using SPSS 21.0 (IBM Corp., Armonk, NY, USA). Two-sided P-values and 95% confidence intervals were calculated. The statistical analysis was performed using a one-way analysis of variance followed by Dunnett's test.
Results

Effects of the four GS monomers on B-cell proliferation and secretion of IgG and IgM. Peripheral B cells in SLE patients
proliferate and produce large amounts of autoantibodies. In order to observe whether GS monomers inhibit the proliferation of B cells when they are highly activated, the cells were stimulated with LPS in the presence or absence of GS monomers, and their proliferation was detected using the BrdU method. Compared with control group, B cells proliferated at a high rate after addition of LPS (Fig. 1) , which was significantly inhibited in the presence of GS monomers except for GRg1 at the low dose, and this inhibitory effect was dose-dependent. As the secretion of autoantibodies and the incidence of SLE are closely linked (12) , and the secretion of IgG and IgM has an important role in it (13, 14) , the concentration of IgG and IgM was measured by ELISA. The results demonstrated that the secretion of IgG and IgM was increased compared with that in the control group (Fig. 2) . However, this LPS-induced secretion of IgG and IgM was significantly suppressed by treatment with GS monomers.
Effects of the four GS monomers on B-cell apoptosis.
As B-cell hyperactivity and production of autoantibodies directed to components of the cell nuclei are contributing factors of SLE (15) and the promotion of autoreactive B-cell apoptosis may reduce the damage caused by SLE, the expression of several groups of B-cell apoptosis-associated proteins (Fas/FasL and caspase-3) was detected by western blot analysis, revealing that LPS reduced the expression of Fas/FasL and caspase-3. After addition of GS monomers (10 mg/ml), the LPS-induced decrease in the expression of Fas/FasL and caspase-3 was inhibited (Fig. 3) .
Effects of the four GS monomers on the mRNA expression of BLyS and BAFF, their receptors and β2M.
The above mentioned results indicate that GS monomers inhibit LPS-induced B-cell proliferation, but the underlying mechanism was required to be elucidated. BLyS and BAFF are endogenous proteins that have important roles in the differentiation and proliferation of B lymphocytes, and enhanced levels of BlyS and BAFF have been reported in lupus and other rheumatic diseases (16) (17) (18) . The mRNA expression of BlyS and BAFF and their receptors was quantified by RT-qPCR. The results indicated that the mRNA expression of BlyS and its receptors BCMA and TACI (Fig. 4A) , as well as BAFF and its receptor BAFF-R (Fig. 4B ) increased after addition of LPS, while this increase was inhibited in the presence of the GS monomers. As β2M levels are a useful indicator of disease activity in SLE (19, 20) , RT-qPCR was used to detect the mRNA expression of β2M, revealing that GS monomers caused a significant reduction of the LPS-stimulated β2M expression (Fig. 4C) .
Effects of four GS monomers on B-cell subsets. As the proportions of CD19
+ and CD27 + B-cell subsets in the peripheral blood of patients with SLE are of high significance (21, 22) , the present study assessed the expression of these B-cell subsets by flow cytometry. The results revealed that the proportion of CD27 + B-cells was increased, while that of CD19 + B cells was decreased after addition of LPS. However, these LPS-induced effects were significantly inhibited in the presence of GRb1, GRh1 and GRg3 but not GRg1 (Fig. 5) .
FcγRIIB (CD32) is an important inhibitory receptor on the B-cell surface, which transmits an inhibitory signal and reduces the immune response intensity upon binding to a ligand (23) . In the present study, the expression of FcγRIIB was detected, revealing that LPS largely reduced the expression of FcγRIIB, which was inhibited by GRb1, GRh1 and GRg3 but not GRg1 (Fig. 5) .
Discussion
The pathogenesis of SLE is complex and previous studies indicate that immune dysfunction is one of the major causes of its onset (24, 25) . GS are the major components extracted from Panax ginseng C.A. Meyer, whose immunomodulatory effect has been demonstrated in numerous studies (26) (27) (28) . In the present study, LPS was used to stimulate the proliferation of immune cells by adding it to CD19 + B cells extracted from the peripheral blood of healthy adults to simulate the humoral immune enhancement status of SLE, and the four GS monomers GRg1, GRb1, GRh1 and GRg3 were selected to study the effect of GS on the LPS-induced humoral immune system. B-cell proliferation and activation are regulated by multiple factors. First, T-cell signaling is necessary for B-cell activation: T-cell proliferation, apoptosis and regulatory dysfunction are factors that affect the sustainment of a highly active status of B cells (29) . Furthermore, the autoregulation of B-cells has a role in SLE, and the effects of abnormal B-cell apoptosis, as well as aberrant expression of Fcr receptor and B-cell stimulating factors on the proliferation of B cells have been studied in association with the pathogenesis (30,31) . Finally, antigen-presenting cells have an impact on B-cell regulation: A series of immune signaling molecules, including costimulatory factors, are involved in the regulation of immune synapse formation and signal transduction (32) . The present study mainly investigated the effects of GS on B-cell autoregulation.
Initially, the BrdU assay was used to investigate the anti-proliferative effect of the four GS monomers on highly activated B cells, revealing that the GS monomers inhibited the proliferation of B cells in a dose-dependent manner. Then, an ELISA was used to evaluate the effect of the GS monomers on the secretion of IgG and IgM from B cells, revealing that GS monomers inhibited the secretion of IgG and IgM in a dose-dependent manner. The results indicated that GRg1, GRb1, GRh1 and GRg3 inhibited the growth of B cells and their products in a dose-dependent manner.
B-cell proliferation is regulated by complex molecular processes. To clarify how GS monomers exert their inhibitory effects, the mRNA expression of BLyS and BAFF, as well as their receptors were assessed by RT-qPCR. BlyS and BAFF are endogenous proteins that have an important role in the differentiation and maturation of B lymphocytes (17) , and the present study demonstrated that the GS monomers decreased the LPS-stimulated expression of BlyS and BAFF, which means that GS monomers may affect the humoral immunity of SLE patients by reducing the expression of BAFF, BlyS and their receptors.
Apoptotic signaling is necessary for maintaining homeostasis and an adequate immune response. Fas/FasL and caspase-3 are important cell apoptosis-associated proteins and therefore, the effects of GS on Fas/FasL and caspase-3 expression were assessed in the present study. It was revealed that GS promoted the expression of Fas/FasL and caspase-3 by LPS-induced CD19 + B cells. The distribution of B-cell subsets is deregulated in the pathogenesis of SLE. The present study indicated that among the LPS-induced CD19 + B cells, the population of inactive B cells (CD19 + CD27 -) was reduced and that of memory B cells (CD19 + CD27 + ) was increased. However, in the presence of GS monomers, the proportion of CD19 + B cells was decreased and the proportion of CD27 + B cells was increased, indicating that GS monomers inhibit the LPS-stimulated decrease in the proportion of inactive B cells and the increase in the proportion of memory B cells. FcγRIIB (CD32) is an important inhibitory receptor on the B-cell surface that transmits inhibitory signals and reduces the immune response intensity when it binds with a ligand (23) . The results of the present study indicated that GRb1, GRh1 and GRg3 reduced the LPS-stimulated inhibition of the expression of FcγRIIB (CD32).
In summary, the present study comprehensively analyzed the effects of four GS monomers on humoral immunity in LPS-induced SLE and revealed their important role in the inhibition of humoral immunity in different pathways: GS monomers inhibit the proliferation of B cells and their secretions, induce apoptosis of B cells and regulate the proportion of B-cell subsets. These results suggest that the four GS monomers Rb1, Rh1, Rg1 and Rg3 may be potential candidates for the clinical treatment of SLE.
